Purpose: NRG Oncology RTOG 9704 was the first adjuvant trial to validate the prognostic value of postresection CA19-9 levels for survival in patients with pancreatic carcinoma. The data resulting from this study also provide information about predictors of recurrence that may be used to tailor individualized management in this disease setting. This secondary analysis assessed the prognostic value of postresection CA19-9 and surgical margin status (SMS) in predicting patterns of disease recurrence. Methods and materials: This multicenter cooperative trial included participants who were enrolled as patients at oncology treatment sites in the United States and Canada. The study included 451 patients analyzable for SMS, of whom 385 were eligible for postresection CA19-9 analysis. Postresection CA19-9 was analyzed at cut points of 90, 180, and continuously. Patterns of disease recurrence included local/regional recurrence (LRR) and distant failure (DF). Multivariable analyses included treatment, tumor size, and nodal status. To adjust for multiple comparisons, a P value of ≤ .01 was considered statistically significant and > .01 to ≤ .05 to be a trend. Results: For CA19-9, 132 (34%) patients were Lewis antigen-negative (no CA19-9 expression), 200 (52%) had levels <90, and 220 (57%) had levels <180. A total of 188 patients (42%) had negative margins, 152 (34%) positive, and 111 (25%) unknown. On univariate analysis, CA19-9 cut at 90 was associated with increases in LRR (trend) and DF. Results were similar at the 180 cut point. SMS was not associated with an increase in LRR on univariate or multivariate analyses. On multivariable analysis, CA19-9 ≥ 90 was associated with increased LRR and DF. Results were similar at the 180 cut point.
Introduction
Adenocarcinoma of the pancreas remains one of the most aggressive solid tumors and the fourth most common cause of cancer death in the United States today. 1 Patients who undergo potentially curative gross total tumor resection have the best chance for cure. Although some improvements in survival have been associated with the addition of chemotherapy and/or radiation therapy (RT), survival remains limited. [2] [3] [4] [5] [6] [7] Despite multiple phase 3 adjuvant trials, analyses of the correlation of surgical margin status (SMS) with pattern of disease recurrence among patients for whom postresection CA19-9 levels are also known are lacking. [2] [3] [4] [5] [6] [7] [8] A common presumption among patients being evaluated for adjuvant therapy, and often within the conduct of multidisciplinary tumor boards, is that an elevation in postresection CA19-9 levels reflects the eminent development of distant disease spread of pancreatic cancer, without consideration of the potential risk of concurrent local/ regional disease recurrence. NRG Oncology RTOG 9704 was the first phase 3 adjuvant pancreatic cancer trial to prospectively validate the prognostic value of postresection CA19-9 levels for overall survival (OS), with values of >90 and >180 associated with worse OS. 9 However, analysis of its predictability of pattern of disease recurrence, not limited to the first recurrence, in this setting of prospective evaluation and in associated contexts with SMS has not been performed and is the subject of this report.
Methods and materials
The study design of NRG Oncology RTOG 9704 has been previously reported in detail. 6, 7 Protocol approval was received from the institutional review board at each study site, and informed consent was obtained from each patient prior to participation in the study. Patients with histologic proof of adenocarcinoma of the pancreas underwent potentially curative gross total resection of all disease. Specific protocol recommendations with regard to surgery and determination of surgical margin status were as follows: A standard Whipple or pylorus-preserving pancreaticoduodenectomy was preferred for lesions of the pancreatic head (neck/uncinate process). The margins of the resected tissue (left lateral, bile duct), superior, and inferior were to be marked with metallic clips (when possible). If the tumor was adherent to and resected from adjacent structures (eg, a major blood vessel), small vascular or titanium clips were to be used to mark the margins of adherence. Also, resected specimens were to be marked with suture at sites of adherence so pathologists could determine whether radial margins were free of disease. In addition, the operative note and pathology report of each patient was centrally reviewed prior to patient registration by the study's surgical oncology principal investigator (J.P.H.). Patients were stratified at randomization according to documentation of tumor status at surgical margins as stated on the official pathology report. Therefore, strata included "negative," "positive," or otherwise not mentioned/commented on (ie, "unknown").
After stratification by SMS, nodal status, and tumor diameter, patients were randomly assigned to 1 of 2 treatment arms as depicted in eFigure 1; available as supplementary material online only at www.practical.radonc.org. All patients received adjuvant gemcitabine or 5-fluorouracil and chemoradiation therapy (CRT).
CA 19-9 testing
Lewis antigen expression is essential for expression of CA19-9; therefore, red cell phenotyping for Lewis A and B antigens was required for study eligibility and was obtained at each institution's laboratory. If patients were negative for both Lewis A and B antigens, they were considered CA19-9 nonexpressers. For patients who expressed either antigen, blood was drawn no more than 3 weeks before random assignment, or after random assignment but before the start of protocol treatment. Subsequently, serum was prepared, frozen at 20°C, and shipped (frozen) to the AAAA tissue bank, which was located at Latter-Day Saints Hospital. Centralized determination of CA19-9 was done using enzyme-linked immunosorbent assay GI-MA kits (Diagnostic Products Corporation, a Siemens Company; Gwynedd, United Kingdom). CA19-9 nonexpressing patients (Lewis antigen A and B negative) were assigned values of 0 because by definition, they did not have the ability to secrete CA19-9 into their serum.
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Statistical methods
The following baseline characteristics were dichotomized: primary tumor location (head vs everything else), pathologic T-stage (T1, T2 vs T3, T4), and American Joint Committee on Cancer stage (I, II vs III, IV). Race was categorized as white versus African American/other. Statistical comparisons to assess potential associations among baseline characteristics and 1) missing CA19-9 data, 2) CA19-9 levels, and 3) SMS were carried out using the χ 2 or Fisher's exact test. CA19-9 baseline expression was analyzed and grouped in 2 different ways (Lewis antigen negative vs CA19-9 < 180 vs CA19-9 ≥ 180 and Lewis antigen negative vs CA19-9 < 90 vs CA19-9 ≥ 90) with <180 and <90 as the reference levels. The CA19-9 cut points of 180 and 90 were used as in the previously published analysis 9 and based on previously published data from the Fox-Chase Cancer Center (180 cut point) 11 as well as the previously published adjuvant chemotherapy trial CONKO-001 (90 cut point).
3 CA19-9 was also analyzed as a continuous variable. SMS was analyzed as negative versus positive versus unknown (ie, no margin comment in pathology report; shown to have disease-free survival [DFS] and OS outcomes similar to negative-margin patients). 6 This variable was broken into 2 dummy variables with a value of negative as the reference level.
OS and DFS were estimated univariately with the KaplanMeier method, 12 and levels of CA19-9 and SMS were compared using the log-rank test. The first follow-up evaluation was required at 2 to 4 weeks after completion of chemoradiation and prior to the start of maintenance chemotherapy. Thereafter, follow-up examinations were required q 3 months for one year, then q 6 months for 2 years, then yearly and included use of abdominal computed tomography scans. Local relapse (LR) was defined as recurrence at the primary resection site; regional relapse (RR) was defined as recurrence in the regional lymph nodes associated with the primary resection site, local/regional relapse (LRR) combined both LR and RR, and all other disease relapses were defined as distant failure (DF). LR, RR, LRR, and DF were estimated by the cumulative incidence method, 13 and levels of CA19-9 and SMS were compared using Gray's test. LR, RR, LRR, and DF failures were counted regardless of when they occurred relative to each other. Only death was considered a competing risk for LR, RR, LRR, and DF. Univariate and multivariable Cox proportional hazards models 14 were used to identify the impact of CA19-9 and SMS on the OS, DFS, LR, RR, LRR, and DF. CA19-9 and SMS were forced into their respective models, and stepwise selection procedures were used to choose other variables using α = .05 level as the entry and exit criteria for the model building. The following variables were assessed in the models along with CA19-9: treatment arm, age, sex, race, tumor location, nodal involvement, tumor diameter, and SMS. The same variables were assessed in the models for SMS with inclusion of CA19-9. To adjust for multiple comparisons, a P value ≤ .01 was considered statistically significant and >.01 to ≤ .05 a trend.
Results
The study opened on July 20, 1998 and closed on July 26, 2002 with a total of 538 patients. Of the 538 patients entered, 451 were eligible and analyzable for SMS. Of the Advances in Radiation Oncology: April-June 2018 87 cases excluded, 85 were ineligible as detailed in the original report 6 and 2 withdrew their consent. Of the 451 eligible patients, 66 had no analyzable postresection CA19-9 data. These 66 patients were Lewis antigen-positive cases for whom tissue was sent to the AAAA tissue bank, per the protocol, but CA19-9 levels could not be determined. Therefore, the sample size for this analysis was 385. The CONSORT diagram is shown in Figure 1 .
The median follow-up times were the same for both analysis groups: 1.48 years for all patients and 6.98 years for surviving patients (n = 73). Table 1 shows the pretreatment characteristics for patients entered into this study by the postresection CA19-9 value cut point of 90. No significant difference in pretreatment characteristics was observed by CA19-9 cut point grouping of 90. Results were similar at the CA19-9 180 cut point (220 patients <180, 33 ≥ 180), except that patients with ≥180 were more likely to have tumors ≥3 cm (P = .048). Patients with CA19-9 levels ≥90 or ≥180 were not more likely to be associated with a positive SMS compared with patients with values <90 or <180. Table 2 shows the pretreatment characteristics of patients entered into this study by the SMS. Patients with positive SMS were more likely to have head of pancreas tumors, Karnofsky performance scores of 60 to 80, T3/ T4/N1, American Joint Committee on Cancer stage III/ IV disease, and primary tumor diameters of ≥3 cm. eTable 1; available as supplementary material online only at www.practical.radonc.org shows the overall univariate analyses of disease recurrence for postresection CA19-9 value at the cut point of 90 and for SMS, with 4-year cumulative incidence reported. Postresection CA19-9 was associated with significant increases in both LRR (58% at ≥90 vs 44% at <90, P = .012; Fig 2A) and DF (89% at ≥90 vs 73% at <90, P < .0001; Fig 2B) . Although these results did not meet the multiple comparisons adjusted P-value, a trend toward statistical significance for LRR was observed. In the gemcitabine treatment arm, this postresection CA19-9 association was significant for DF and not for LRR. In the 5-fluorouracil treatment arm, this postresection CA19-9 association was significant for both LRR and DF. These findings overall and by treatment arm were similar at the postresection CA19-9 180 cut point. SMS was not associated with significant differences in LRR or DF (Figs 2C and D) . Table 3 shows the multivariable modeling of postresection CA19-9 value at the cut point of 90 for associations with survival and pattern of disease recurrence. In addition to being a predictor of OS and DFS, as previously reported, Results were similar at the 180 cut point. eTable 2; available as supplementary material online only at www .practical.radonc.org shows the multivariable modeling of SMS for associations with survival and pattern of disease recurrence. On multivariable analysis, positive SMS was not associated with significant differences in LRR.
Although 90 and 180 are well-established cut points for CA19-9, these analyses were also conducted using CA19-9 as a continuous variable, which produced similar results.
Discussion
The primary objectives of the phase 3 NRG Oncology RTOG 9704 trial included a prospective evaluation of the ability of postresectional CA19-9 to predict survival among adjuvantly treated patients who had undergone a potentially curative resection for adenocarcinoma of the pancreas and the pattern of disease recurrence after adjuvant therapy. There are 2 major findings from this analysis: Postresection CA19-9 predicts for pattern of disease recurrence after adjuvant therapy, inclusive of both LRR and DF, whereas SMS is only associated with DF. Although SMS and postresection CA19-9 levels have been described as prognostic factors for survival in patients with pancreatic carcinoma who are able to undergo surgical resection, 9,15,16 the findings in this report challenge the commonly held beliefs that SMS and elevated postresection CA19-9 levels are the major predictors of primarily LRR and DF, respectively. These findings could greatly influence the prioritization and/or timing of adjuvant chemotherapy and/or RT.
NRG Oncology RTOG 9704 was the first phase 3 trial to perform a prospective analysis of postresection CA 19-9 levels in patients treated with adjuvant CRT. The trial demonstrated that in the postoperative setting, postresection CA 19-9 levels were the most important predictor of OS. Patients with CA19-9 of ≥180 had a median survival of 9 months, compared with 21 months for those with CA 19-9 < 180 (P < .0001; HR: 3.58). At the cut point of 90, as used for eligibility for the phase 3 adjuvant CONKO-0001 trial (only patients with values <90 were allowed in the trial), the median survival time for patients with CA 19-9 ≤ 90 was 23 months, whereas patients with CA 19-9 > 90 had a median survival of 10.4 months (P < .0001; HR: 3.34). 9 These findings became the basis for stratification of patients within the successor, and currently active, YYYY adjuvant phase 3 trial. In this study, patients are stratified at the postresection CA19-9 cut point of 90, and patients with values >180 are ineligible. Although the primary analysis of NRG Oncology RTOG 9704 demonstrated that >70% of patients developed DF and approximately 30% LRR at the time of the first relapse of disease, the pattern of disease recurrence potentially associated with postresection CA19-9 Advances in Radiation Oncology: April-June 2018 CA19-9, pancreatic CA and adjuvant therapy levels had not been evaluated. 6, 7, 9 Postresection elevation in CA19-9 is often presumed to be primarily a predictor of DF without consideration of the associated potential for LRR. Although the report of this analysis supports the association with DF, the findings have also demonstrated that such an elevation in CA19-9 levels is associated with LRR at a similar magnitude. In addition, patients with postresection CA19-9 levels ≥90 had an almost 3-fold increase in LRR compared with those with postresection CA19-9 levels of 90.
Postresection SMS has been reported in large institutional series to be a significant and independent predictor of survival. 15, 16 However, this observation has not been routinely demonstrated in prospective phase 3 trials evaluating use of adjuvant therapy. In fact, in the 3 randomized trials that have demonstrated at least a suggested benefit in survival with the use of adjuvant therapy, SMS was not found to be an independent predictor of survival. [3] [4] [5] [6] [7] In addition, evaluation of SMS on its association with pattern of disease recurrence in a large institutional series and in the setting of prospective adjuvant phase 3 trials has not been routinely reported. [3] [4] [5] [6] [7] [8] 15, 16 Among patients with a postresection positive SMS, LRR is typically presumed to be a significant contributor to the pattern of disease recurrence.
Furthermore, the presence of positive SMS is often, in part, the basis for recommendation of adjuvant RT 15, 16 and is used as the rationale for consideration of RT dose escalation. 17, 18 This report challenges the utility of the use of postresection SMS as a predictor of LRR and as a basis for the use of RT or RT dose escalation in the setting of available postresection CA19-9 levels. Positive SMS has been previously demonstrated to not be an independent predictor of patient survival, 6, 7 with NRG Oncology RTOG 9704 being the first phase 3 trial that required central RT quality assurance review. 19 The current analysis demonstrates that in the setting of central RT quality assurance, positive SMS is also not an independent predictor of LRR. In addition, evaluation of SMS in the setting of available postresection CA19-9 levels as performed in this report demonstrates that postresection CA19-9 was the only independent predictor of both LRR and DF. 
Conclusions
In this unique adjuvant setting of a prospective evaluation of postresection CA19-9 levels, CA19-9 has significant association with both LRR and DF that was not seen with SMS. These findings contradict the commonly held presumption that an elevation in postresection CA19-9 levels reflects the development of distant disease spread of pancreatic cancer without consideration of LRR. These findings support consideration of adjuvant RT dose intensification among patients with elevated postresection CA19-9.
Supplementary data
Supplementary material for this article (https://doi.org/ 10.1016/j.adro.2018.01.003) can be found at www .practicalradonc.org. CI, confidence interval; DF, distant failure; DFS, disease-free survival; HR, hazard ratio; LL, lower limit; LR, local relapse; OS, overall survival; LRR, local/regional recurrence; RR, regional relapse; UL, upper limit. a A hazard ratio of 1 indicates no difference between the 2 subgroups.
* P-value from χ 2 test using the Cox proportional hazards model.
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